Introduction
A few years ago, Oculus launched an instrument for assessing straylight in a patient's eye-the C-Quant. Straylight is the functional result of entoptic light scattering, and the standard for disability glare according to the definition by the Commission International d'Eclairage, an international standards committee, known, e.g., from the V λ curve and the chromaticity diagram.The C-Quant is based on the equivalence principle, i.e., identity between straylight and a reference light. To establish identity, it employs flicker in a 2AFC (two alternative forced choice) procedure. This paper describes the use of this instrument to assess flicker sensitivity, relevant for checking the subjects' capability to perform the straylight test, and as a test for retinal integrity for clinical purposes.
Visual function depends on the quality of eye optics, retinal functioning, and higher order processing. If any of these degrade, visual function overall degrades. Tests for examining the nonneuronal aspect of the eye, i.e., the optical eye media, are slit lamp observation and LOCS III classification, or more objective and quantitative techniques such as aberrometry and straylight measurement. The latter have been very successful in explaining the defects in visual function. [1] [2] [3] [4] The optical parts of the eye are relatively easy to quantitatively assess. This is contrary to retinal or higher neuronal functioning, where neuronal signal transduction may be impaired and assessment of their signal transduction more difficult. Originally, 5 spatial contrast sensitivity testing was used to better assess neuronal function, since visual acuity strongly depends on optical factors. However, spatial contrast sensitivity, even at the lower spatial frequencies, is also confounded by the optics of the eye. 6 Flicker sensitivity was then proposed as a technique to better isolate neuronal function, without the confounding effects of the eye optics. [7] [8] [9] Flicker sensitivity or temporal contrast sensitivity (TCS) testing is a relatively easy technique. [10] [11] [12] [13] [14] [15] [16] As early as the 1950s and 60s, De Lange 17 and Kelly 18 introduced important concepts, such as the modulation transfer function of the eye. When a sinusoidal signal is presented to the eye, the neuronal output would be a sinusoidal signal at the same frequency, with a shift in phase and different amplitude. The threshold amplitude as a function of frequency results in a so called "de Lange curve," which has a peak sensitivity between 5 and 10 Hz at (low) photopic levels for fields of a few degrees. 17 In the healthy population, the TCS as a function of age shows three phases. 19, 20 The first phase, where the TCS increases, is up to an age of approximately 16 years. From 16 to 60 years, the TCS is relatively constant. After the age of 60 years the TCS goes into decline. 19 In retinal disorders the neuronal signal transduction can be impaired, which may result in a reduction of TCS. 5, 21 Reduction in TCS has been observed in cases of retinitis pigmentosa (RP), 13, 14, 22 glaucoma, 15, 23 and age-related maculopathy (ARM). 16 Although the concept of TCS has been around for decades and several studies have shown the usefulness of TCS in cases of affected retinal function, this has not yet resulted in a wide use. Clinical devices facilitating flicker or temporal modulation perimetry for testing the visual field were developed. [24] [25] [26] Since these devices map retinal deficiencies over the visual field, their measurements tend to be more elaborate and time consuming than a foveal (<2 o ) TCS measurement, as discussed in the present paper, with the drawback that retinal deficiencies in the periphery are not assessed. The C-Quant device for measuring ocular straylight uses a psychophysical approach with flickering stimuli. In the present study, an adaptation of this device was used to develop TCS measurements with reliability control using the experience of the straylight approach, and to establish a normal reference set.
Materials and Methods

Psychophysical Procedure
Software was written in MATLAB to allow TCS measurements with the standard C-Quant device. Procedures are similar to those for straylight measurement. 27, 28 Stimulus consisted of a circular test area with a diameter of 3.3 deg divided in two halves, surrounded by an area of constant luminance. The average (white) luminance of both halves and the surround was 25 cd m − 2 . The TCS was determined at 8 Hz, the frequency where flicker sensitivity is at its maximum for this luminance level, with square wave form improving the sensitivity furtherby 0.1 log units-because a square wave contains 4/π times more of the fundamental harmonic. The 8 Hz flicker was randomly applied to one of the two halves of the test area for a maximum of 6 s. This allows a 2AFC method, where the subject has to indicate, usually within 2 s, by pressing one of two buttons, in which half of the test area the flicker is present. An adaptive psychophysical procedure, according to the nonparametric stochastic approximation method, 29 was used to determine the flicker threshold. The Michelson contrast definition was used, and TCS was defined as 1/threshold contrast. Starting with a stimulus of log contrast = 0 (100% contrast), stimuli were generated according to Treutwein's formula 15 (Ref. 29) with target probability ϕ = 0.75, and initial step size c = 5. The number of trials per measurement was 35, with the exception of 95 eyes where the number of trials per measurement was 25. In the latter case, the trials of 2 measurements were interwoven and presented as a single measurement of 50 (2×25 interwoven) trials. Every correct answer led to a decrement in temporal contrast, whereas wrong answers resulted in an increment of temporal contrast. The binary (0-1) answers of 35 (or 2×25) trials were analyzed using a maximum likelihood analysis 28 to determine the best estimate for temporal contrast sensitivity (threshold), assuming a cumulative Gaussian psychometric function with fixed steepness parameter β = 1/σ = 7 (Strasburger, 30 formula 17), and lapse rate δ = 0.02.
Reliability ("unc")
As Harvey 31 suggested, the width of the peak in the likelihood function can be used as a reliability measure. The uncertainty (unc) was determined by the same method as described by Coppens et al. 28 with unc based in the present study on three confidence levels corresponding to 1, 2, and 3 times the standard deviation in the case of a pure Gaussian function (at 0.607, 0.135, and 0.0111 from the top). An unc < 0.15 log unit was chosen as reliability criterion below which the TCS measurements were considered sufficiently reliable.
Procedure and Population
Three groups were studied, one eye per subject in the vast majority: group 1 was tested with a try-out design, and consisted of 95 eyes; groups 2 and 3 were tested with the final design. Group 2 was a nonclinical group of 372 eyes, and group 3 was a clinical group of 33 eyes. Groups 1 and 2 were collected in science fair settings. Group 3 was from part of an RP study of the Rotterdam Ophthalmic Institute. Group 3 was only included to study the reliability of the present test. In groups 1 (all 95 eyes), 2 (279 eyes), and 3 (31 eyes), repeated measurements were performed to determine the reliability of the TCS measurement and to validate the value of the unc parameter. Group 1 was from a try-out period with 2×25 stimuli in an interwoven fashion. In the other two groups, the repeated measurements were done as two separate recordings of 35 stimuli each. Groups 1 and 2 were used as reference. Subjects with known or suspected retinal conditions were excluded. Measurements with unc > 0.15 were omitted. The average age was 52 ± 22 years (6 to 85 years).
In addition to the population study, two healthy subjects underwent measurements to investigate the possible influence of two types of optical impairments on the TCS outcome, straylight, and defocus. The measurements were repeated 3 times. Straylight was artificially varied by placing a range of scattering filters (n = 7), normally used in photography, in front of the eye during the TCS measurement, as described before. 32 These scattering filters were: Black Pro Mist (BPM) 1&2 (Tiffen, Hauppauge, New York), B + W fog filters (BWF) 1&2 (Schneider Optics, Hauppauge, New York), P087 (Cokin, Rungis Cedex, France), and SO (Stereo Optical Co., Inc., Chicago). The log(s) values for the scattering filters used in this project were separately measured and found to be 1.05 (BPM1), 1.19 (BPM2), 1.27 (BPM2), 1.53 (BWF1), 1.74 (BWF2), 1.41 (P087), 2.11 (SO), and 2.34 (SO + BWF1 + BWF2). Inserted before the eyes of the test subjects, this resulted in a straylight range of log(s) = 1.39 to 2.44. In the case of the BPM2 filter, considered to best represent early cataract, 32 two different filters were used. There is a slight difference in log(s) values between the two BPM2 filters, possibly due to variation between batches. Defocus was achieved by placing a spherical convex lens with power of 1 to 6 dpt in front of the emmetropic eye during TCS measurements. In a separate measurement series, visual acuity values were assessed for both subjects with each of the six defocus lenses. The study followed the guidelines of the Declaration of Helsinki regarding research in human subjects, and institutional review board permission was obtained.
Results
In group 1, the time needed to perform the test for a single eye was measured and found to be 121 ± 23 (mean ± s.d.) s for a measurement of 2×25 stimuli in a single eye. It would thus take approximately 5 min to test both eyes. Figure 1 shows the comparison between the two repeated measurements for each of the 3 groups, and with application of the reliability criterion unc < 0.15, leading to 70, 259, and 31 pairs of observations, respectively, for groups 1, 2, and 3. Average values for second minus first logTCS were 0.013, − 0.001, and − 0.025, with repeated measures standard deviations (rmsd) = 0.11, 0.11, and 0.14, respectively, for groups 1, 2, and 3. Figure 2 shows the psychometric curve resulting from all 280 assessments in groups 2 and 3 with 2×35 trials and mean unc < 0.15, for 560 series in total. For proper averaging, all series needed to be shifted along the stimulus [log(C)] axis to compensate for differences in threshold value. For this reason, they were pooled after registration according to their 75% points, resulting from the fitting as described in Sec. 2. Since it must be anticipated (see Ref. 28 for discussion of bias to be anticipated in pooling psychometric data) that this process results in a curve that is too steep, the same data were also pooled after registration according to the 75% point of the fellow series. Such pooling must be anticipated 28 to give a curve that is too shallow. A third way of registration was thus used, based on the average of both 75% points. This yielded the results denoted with symbols in Fig. 2 . The largest symbol [at log(C) = 0, corresponding with the 75% point] contains 3081 responses, the smallest symbol [at log(C) = 1] contains 130 responses. The thick line is the psychometric function that best fits the symbols, with β = 6.7 and δ = 0.009. Figure 3 shows an example of a measurement, with (top) the fit of the psychometric function to the data, and (bottom) the corresponding likelihood function. Figure 4 shows the true repeated measures standard deviation as a function of the psychometrically estimated uncertainty unc for each of the 3 groups, with all repeated measurements included. Note that in this case the data were of course not selected based on unc < 0.15. The data were sorted based on the average unc of 2 measurements and subsequently, the data were split into clusters of about equal numbers of measurements, 10 clusters for the 2 normal populations, and 1 cluster for the patient population. For each cluster, the root mean square of the 2-measurements standard deviations and of the unc values was calculated. The diagonal line represents the line of equality between SD and unc. It must be considered a coincidence that the patient group is so close to the y = x line. Figure 5 shows the results of TCS measurements as a function of (increased) straylight by using different scattering filters to artificially increase the straylight value of the eye. Average data and standard deviations for two healthy subjects are shown measured 3 times. The left-most data point is for the naked eye. Only for the 2 highest straylight values a decrease in TCS measurement value is seen. These straylight values are at the upper limit of the measurement range of the C-Quant, and are seldom encountered clinically. Figure 6 shows the results of TCS measurements as a function of visual acuity, artificially lowered by using spherical trial lenses. Data for the same two subjects of Fig. 5 is shown. The left-most point is for the naked eye. A decrease in the TCS measurement value is only seen at visual acuities as low as logMAR = 1.26-1.36, which is more than a tenfold decrease in visual acuity. Figure 7 shows the measured TCS values for all reference eyes in groups 1 and 2 with unc < 0.15, as a function of age. The data shows an increase in TCS at low ages, then a plateau, and a decrease at high ages. As a rough approximation for a model, the data are fitted with 3 line segments, connected at 16 and 60 years of age. The fitted slopes are 0.034 and -0.013 log unit/year, respectively. The residual error is 0.18 log units.
Discussion
The aims of this study are 1. to assess a subject's capability to perform a straylight test and 2. to investigate the psychophysics, reliability, and population values of a flicker sensitivity test (temporal contrast sensitivity or TCS). The straylight test is based on establishing identity between two simultaneously presented flickering stimuli whose modulation varies. An unreliable straylight measurement may be due to causes that are directly solvable, such as the measurement procedure requiring a better explanation, or a physical problem, such as a retinal disorder that reduces TCS. If it is suspected that a subject is unable to perform the straylight test due to a retinal disorder, a TCS measurement could confirm this.
Using the reliability parameter unc, repeated measures standard deviation of the test proved to be 0.11 to 0.14 log units (Fig. 1) . This level of accuracy falls well within the normal population standard deviation of 0.18 log units, indicating that, apart from the reported age effects, there may be differences in the normal population. The psychometric function proved to correspond closely to the cumulative Gaussian chosen as a model (Fig. 2) . The psychometrically estimated unc values are similar to true repeated measures standard deviations (Fig. 4) , and are used as a reliability parameter for single TCS measurements.
The C-Quant straylight measurement employs a 2AFC design, favored for its psychophysical robustness. It is also used in the flicker test. An essential difference in the flicker test is that it uses stimuli around the threshold for visibility, whereas straylight measurement is based on suprathreshold stimuli. The psychometric function (Fig. 2) is therefore essentially different from that for straylight. 27, 28, 33, 34 Please note that in both cases, the key point of the psychometric function is the inflection point, which is the point with the steepest slope, close to the 50% value for straylight and 75% for flicker threshold. For the flicker test, one side of the inflection point of the psychometric function corresponds with random guessing (50%), whereas in the straylight test both sides of the (inflection point of the) psychometric function have close to perfect (0% or 100%) scores. The likelihood function for the flicker test (Fig. 3) is therefore less steep on one side, and as a consequence the outcome value is less precise. Added to this is a difference in steepness between the two psychometric functions. Another difference worth mentioning is potential bias in the case of a threshold test (the flicker test in this case). Although the 2AFC method is known for its superiority to avoid bias linked to patient cooperation, it cannot be considered completely free of such an influence. If the patient does not do his/her utmost to discover the side with flicker, the recorded threshold will increase. Some of the relatively low data points in Fig. 7 could therefore be due to a lack of concentration on the subjects' part. Straylight measurement, however, precludes bias influence because the straylight test is not a threshold test, but a test to establish the point of identity between two stimuli. Two identical stimuli will be identical no matter the subjects' efforts. To establish the point of identity suprathreshold stimuli are used. This was studied systematically by Coppens et al. 33 Highly erratic patient responses will adversely affect precision, but randomly, and detectable through the reliability parameter. 33 Artificial deterioration of the quality of eye optics was found to have no effect on the TCS values for more than a tenfold decrease in visual acuity or a tenfold increase in straylight (Figs. 5 and 6) . This is in agreement with other studies testing the potential effects of optical disturbances on the outcome of flicker tests: comparing normal individuals and individuals with media opacities, such as cataract, 10, 11 comparing before and after cataract extraction, 9, 35 and comparing differences in refraction correction. 35 Several (flicker) perimetry studies show systematical variation between measurements and it is suggested that these are learning and fatigue effects. [36] [37] [38] [39] However, for single frequency temporal contrast measurements, it is mentioned that fatigue effects are small, due to the relative simplicity and short duration (a few minutes) of the measurement. 12 In addition, the 2AFC method applied in this study shows no learning effects, i.e., there is no systematical difference between subsequent measurements, as can be seen in Fig. 1 .
In numerous studies, patients with different retinal diseases showed reduced flicker sensitivities. 5, 10-16, 21-23, 40-43 It has been suggested that flicker sensitivity may help to detect early glaucoma and should therefore be part of routine testing. [10] [11] [12] Flicker sensitivity is also discriminative for ARM, the early stage of which is thought to reduce sensitivity in the mid-frequency range. 16, [41] [42] [43] Furthermore, also in RP reduced temporal contrast sensitivity is observed. 13, 14, 22 However, measuring at a single frequency poses a limitation in cases when retinal disorders have patterns of frequency selective loss outside the single measured frequency of 8 Hz.
In correspondence with earlier studies, 19, 44 the normal population--with ages ranging from 6 to 85 years-shows a slight tendency toward lower TCS values in the older (>60 yrs) and younger (<16 yrs) age ranges. Studies regarding foveal development show that at the age of 4 years, some aspects in the fovea, such as outer segment length of the cones and cone packing density, are not yet fully developed. 45 It is suggested that development of temporal contrast sensitivity relates to photoreceptor packing density and the amount of correctly functioning photoreceptors.
14 Based on foveal development in nonhuman primates, it has been concluded that cone density will continue to increase up to 8 years of age. 46 This may be related to the slightly lower TCS values for the younger subjects (Fig. 7) . When fully developed, there are large interindividual variations in foveal cone density that may be related to the population spreading shown in Fig. 7 . For healthy individuals, the cone density remains constant as a function of age. 47 Figure 7 shows an effect of high age on TCS. Loss of sensitivity at older ages may partially be related to reduced retinal illumination due to the reduction of the pupil area with age 48, 49 and an increase in absorption. 50 The effect may be significant at high frequencies and small at middle frequencies as used here. 17, 18 The literature suggests such corrections to be small indeed, and after correction for pupil size, a loss of 0.17 log units at the age of 70 remained. 19 To reduce variation, a correction can be made for the pupil size, 10-12, 16, 19, 48 or a fixed size artificial pupil can be placed in front of the eye. 51 A study is needed to assess, in detail, the potential retinal intensity effects for the present test. 16, 19, 48, 51 In conclusion, this study shows the ability of an existing clinical device to facilitate reliable flicker sensitivity (TCS) measurements. The outcome was independent of optical blur and light scattering, up to a tenfold decrease in visual acuity and a tenfold increase in straylight. The current clinical instrument opens the possibility of including TCS threshold measurements as an additional (supplementary) method in routine testing for retinal or optic nerve disorders in the ophthalmological practice.
